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1 . 0  INTRODUCTION 


The  start  date  for  contract  No.  F33615-84-C-2435 ,  Aircraft 
Battery  State  of  Charge  and  Charge  Control  System,  was  July  1,  1984 
A  kickoff  meeting  was  held  at  ERC  on  July  10,  1984  with  Dick  Marsh 
representing  the  Air  Force,  following  which  development  work  was 
started.  Personnel  were  assigned  and  a  separate  area  established 
for  the  fabrication  and  testing  of  Ni-Oa  pilot  cells.  Test 
equipment  required  to  characterize  pilot  cells  were  obtained  and 
design  and  building  of  cycling  equipment  for  testing  of  cells 
was  done  in-house. 

Detailed  technical  data  is  regularly  being  submitted  to 
Air  Force  Wright  Aeronautical  Laboratories,  Aero  Propulsion 
Laboratory,  WPAFB  through  monthly  letter  reports.  This  interim 
report  summarizes  the  work  performed  during  the  first  12-month 


2.0  PROGRAM  STATUS  OVERVIEW 


During  the  first  12  months,  efforts  were  directed  towards 
obtaining  data  on  the  baseline  characteristics  of  the  pilot  cell. 
All  the  sub-tasks  except  temperature  effects  were  completed. 
Originally,  we  planned  to  characterize  the  pilot  cells  first 
for  their  charge-discharge  dependency  on  temperature  and  then 
extend  the  studies  to  aircraft  batteries.  The  first  series  of 
experiments  were  designed  to  obtain  data  on  performance 
characteristics  at  ambient  temperatures.  Completion  of  these 
tests  took  longer  time  than  originally  anticipated.  Accordingly, 
we  plan  to  commence  experiments  to  study  the  effects  of  temper¬ 
ature  on  cell  performance  in  September  1985.  We  intend  to 
study  the  temperature  dependence  of  the  Ni-02  cells  and  the 
aircraft  cells  simultaneously. 

Ni-Oa  cells  were  fabricated  with  ERC  roll-bonded  electrodes 
and  tested  at  various  C-rates,  both  on  charge  and  on  discharge. 

The  cells  were  also  subjected  to  life  cycle  tests  and  the  single 
electrode  potentials  were  monitored  during  testing  to  identify 
the  failure  mechanisms. 

During  this  phase,  aircraft  cells  from  Saft  and  Marathon  were 
purchased  and  tested  for  their  performance  characteristics.  One 
cell  of  each  type  was  cut  open  and  pilot  cells  were  fabricated 
using  these  electrodes.  The  pilot  cells  thus  constructed  with 
commerical  aircraft  electrodes  were  also  tested  to  identify  their 
performance  characteristics. 

As  planned,  an  aircraft  battery  system  study  was  initiated 
during  this  time  period  to  understand  the  electrical  interfaces 


and  battery/cell  parameters.  An  electronic  tracking  cycler  was 
designed  and  built;  using  this  cycler,  a  13-cell  Saft  battery 
stack  was  alternately  charged  and  discharged  in  conjunction  with 
a  pilot  cell  containing  an  identical  nickel  electrode.  In 
addition,  tests  were  designed  to  charge  the  battery  to  various 
states  of  charge  between  10%  and  100%  and  experimentally  determine 
the  delivered  capacities.  The  data  obtained  in  the  series  of 
tests  will  form  the  basis  for  designing  other  cyclers  to  be  used 
to  measure  state  of  charge  and  to  monitor  tracking  accuracies. 

Cycling  tests  were  interrupted  periodically  to  measure  the 
variations  in  pressure  and  state  of  charge  in  case  of  pilot  cells 
and  fuel  gauge  respectively. 

Work  on  Phase  II,  System  Life  and  Stability,  was  started  in 
July  1985.  Investigation  of  temperature  effects  (carried  over 
from  Phase  I)  will  also  be  performed  during  Phase  II.  An  aircraft 
battery  from  the  third  manufacturer  will  be  purchased  and  tested. 
Pilot  cells  will  be  fabricated  with  identical  electrodes  and 
performance  characteristics  evaluated  both  separately  and  in 
tandem  operation  with  the  main  battery . 


3.0  EXPERIMENTAL  RESULTS 

3.1  Ni-02  CELL  DESIGN 

The  nickel-oxygen  test  cells  employed  a  three-electrode 
configuration  utilizing  one  electrode  for  oxygen  evolution  and 
a  different  electrode  for  oxygen  consumption.  This  concept 
divides  the  functions  and  eliminates  problems  encountered  in 
conventional  two-electrode  systems,  in  which  catalysts  that 
function  well  during  oxygen  consumption  tend  to  oxidize  or 
dissolve  when  subjected  to  evolution. 

The  normal  specifications  for  the  nickel  electrodes  are 
as  follows: 

Electrode  Size  1.26  x  1.00  x  .070  inch 

Active  Material  2.53  gins 

Theoretical  Capacity  .440  Ah 

Nominal  Capacity  .374  Ah 

Depending  on  the  active  material  content,  the  area  of  the 
electrode  is  varied  to  obtain  the  required  capacity.  A  sketch 
of  the  cell  design  is  shown  in  Figure  1. 

3.2  Ni-Oa  CELL  TESTS 

Using  the  three-electrode  concept,  the  nickel  electrode  of 
the  pilot  cell  is  charged  against  the  platinum  gas  electrode  and 
discharged  against  the  nickel  screen.  The  potentials  and 
pressure  are  monitored  during  the  tests. 

The  electrodes  are  first  housed  in  a  test  fixture  and  fully 
charged,  with  the  end  of  charge  being  indicated  by  the  leveling 
out  of  the  pressure  profile.  The  cell  is  then  discharged  to 
100%  depth  and  the  delivered  capacity  calculated.  The  procedure 
is  repeated  until  the  nickel  electrode  is  stabilized  and  reproducibl 


e 
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results  are  obtained.  This  procedure  qualifies  the  system, 
after  which  the  electrode  assembly  is  removed  from  the  test 
fixture  and  assembled  in  a  stainless  steel  can.  Ziegler  seals 
and  welding  of  the  cover  ensure  a  leak-proof  construction; 
then  a  pressure  gauge  is  screwed  on  top.  The  cell  is  now  ready 
to  undergo  characterization  tests. 

3.3  CELL  CHARACTERIZATION 

The  test  matrix  for  characterization  of  cells  is  shown  in 
Table  1.  The  cell  was  charged  and  discharged  at  different 
C-rates  and  different  depths  of  discharge.  Table  2  shows  the 
test  results  of  Cell  #1. 

Some  problems  were  encountered  with  the  first  cell  fabricated 
after  22  cycles.  This  cell  was  cycled  manually  to  evaluate  the 
relationship  among  charge,  discharge  and  depth  of  discharge. 

The  charging  of  the  cell  on  cycle  No.  23  was  normal,  but 
when  the  cell  was  discharged  at  200  mA,  the  actual  delivered 
capacity  of  the  cell  was  .232  Ah,  less  than  the  expected  value 
of  .280  Ah.  The  cycle  was  repeated,  and  the  capacity  delivered 
was  only  .200  Ah.  The  loss  in  capacity  could  be  due  to  a  leak 
in  the  system  and/or  shorting  of  the  cell.  The  cell  was  dissected 
and  a  postmortem  examination  was  carried  out.  The  cell  case  was 
carefully  cut  open  and  the  cell  components  examined. 

The  electrode  assembly  looked  clean,  and  no  evidence  of  short 
was  noticeable.  The  electrodes  and  separator  did  not  exhibit  any 
damage,  defects  or  discoloration,  and  the  current  lead  welds  were 
clean. 

The  only  abnormality  was  the  accumulation  of  a  few  cc's  of 
a  brown  liquid  in  the  bottom  of  the  cell.  We  theorized  that  if 
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TABLE  1 


CELL  TEST  MATRIX 


■  — -  ■■  . 1 

Cell  No . : 

1 

2 

Test  Temperature 

Ambient 

Ambient 

Test  Mode 

Manual 

Automatic 

Charge  Current,  mA 

50,  100,  150 

100 

Time 

Current 

Dependent 

4  hrs 

Overcharge 

25  to  67% 

10% 

Discharge  Current 

50,  100,  150, 
200 

100 

Time 

Current 

Dependent 

3b  hrs 

Depth 

100% 

94% 

TABLE  2:  CELL  PERFORMANCE  AT  DIFFERENT  DEPTHS  OF  DISCHARGES 
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a  recombination  of  gases  had  taken  place  resulting  in  the  pro¬ 
duction  of  water,  the  water  could  have  leached  out  some  of  the 
active  materials  from  the  positive  electrode  and  settled  at 
the  bottom  of  the  cell. 

To  investigate  the  performance  of  the  electrodes,  the  same 
electrode  assembly  from  the  cell  was  housed  in  a  test  fixture 
and  fully  charged.  It  was  then  discharged  at  200  mA  and  a 
delivered  capacity  of  .350  Ah  was  obtained,  indicating  that 
the  electrodes  were  still  capable  of  delivering  94%  of  the 
nominal  capacity. 

3.4  LIFE  CYCLE  TESTS 

Tests  cells  were  next  subjected  to  life  cycle  tests.  Auto¬ 
matic  cyclers  with  adjustable  current  and  time  settings  were 
designed  and  built.  Cycling  of  the  cells  commenced,  charging, 
and  discharging  cells  alternately  at  constant  current  and  fixed 
times;  voltage  and  pressure  profiles  were  monitored  at  regular 
intervals.  Cycling  was  interrupted  periodically  to  monitor 
variations  in  pressure  with  changes  in  ambient  temperature  on 
an  open-circuit  stand.  This  ensured  that  the  cells  did  not  leak 
or  exhibit  electrochemical  decay  due  to  self-discharge  on  the 
stand . 

Cells  fabricated  both  with  ERC  roll-bonded  and  sintered 
nickel  aircraft  nickel  electrodes  were  tested.  In  addition,  a 
special  cell  was  assembled  in  a  test  fixture  incorporating  a 
cadmium  reference  electrode.  This  experiment  was  done  to  monitor 
the  performance  of  the  nickel  and  gas  electrodes  separately  so 
that  it  would  be  possible  to  identify  which  electrode  fails  first, 
This  data  would  prove  important  in  the  design  of  improved  cells  and 
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in  predicting  their  performance  without  having  to  undergo 
extensive  testing. 

Life  cycle  tests  commenced  with  one  cell  from  the  first 
batch.  This  cell  was  fabricated  with  ERC  roll-bonded  nickel 
electrode.  The  cycling  regime  was  set  at  4-1/2  and  3-1/2  hours 
for  charge  and  discharge  modes,  respectively,  and  the  current 
was  kept  constant  at  100  mA  in  both  cases.  After  677  cycles 
the  cell  did  not  exhibit  any  deterioration  in  performance.  To 
accelerate  the  testing,  the  cycling  regime  was  changed  from  cycle 
No.  678  such  that  the  number  of  cycles  per  time  period  was  doubled. 
By  increasing  the  current  by  a  factor  of  2  and  reducing  the 
cycle  time  by  half,  the  ampere  hours  were  maintained  the  same. 

The  old  and  new  regimes  were  as  follows: 


Cycle  No. 

1-677 

from  678 

Charge  -  hours 

4.50 

2.25 

mA 

100 

200 

Ah 

.450 

.450 

Discharge  -  hours 

3.50 

1 .75 

mA 

100 

200 

Ah 

.350 

.  350 

No.  of  cycles/day 

3 

6 

The  voltage  profiles  of  the  old  and  new  regimes  are  shown  in 
Figure  2.  As  expected,  the  potentials  increased  in  the  new  regime, 
owing  to  the  higher  operating  current,  and  the  change  in  pressure' 
was  not  affected.  This  is  shown  in  Figures  3  and  4. 

After  the  cycling  regime  was  changed,  the  cell  underwent 
another  200  cycles  before  failure.  The  voltage  profile'  for  cycle  No 
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FIGURE  3:  CELL  PERFORMANCE  IN  OLD  CYCLING  REGIME 


Charge  -  Ni-Pt 
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FIGURE  5:  VOLTAGE  PROFILE 


CELL  NO.  2,  CYCLE  NO.  883 


883  is  presented  in  Figure  5.  Deterioration  in  performance  is 
indicated  by  the  erratic  profile  and  the  high  values  of  poten¬ 
tials.  In  spite  of  this,  the  cell  continued  to  exhibit  excellent 
linearity  in  pressure.  (See  Figure  6) 

The  test  was  discontinued  and  the  cell  was  cut  open.  Post¬ 
mortem  showed  that  the  integral  structure  of  the  electrode  assembly 
remained  intact.  However,  brownish  colored  liquid  and  brown  deposits 
on  the  case  were  noticeable.  The  average  values  of  voltage  and  pres¬ 
sure  on  cycling,  and  the  standard  deviation,  are  summarized  in  Table  3 
Initial  test  results  indicate  that  the  cells  can  be  subjected  to 
continuous  charge-discharge  cycles  for  extended  periods;  e.g.,  cell 
No.  2  was  cycled  over  800  times  in  the  last  7  months  and  was  still 
capable  of  delivering  the  required  capacity.  Having  established  the 
baseline  data,  we  started  work  on  further  characterization  of  the 
performance  of  individual  cells. 

Cell  No.  26  was  built  using  ERC  rolled  nickel.  The  nominal 
capacity  of  the  cell  is  450  mAh.  The  first  series  of  tests  were 
directed  towards  investigating  the  dependence  of  charge  efficiency 
on  the  amount  of  overcharge.  Both  charge  and  discharge  currents 
were  kept  constant  at  100  mA  and  the  cell  was  charged  between 
0  and  100%  over  its  nominal  capacity.  For  each  overcharge,  the  cell 
was  discharged  to  100%  depth  and  the  delivered  capacity  was  calculated 
As  to  be  expected,  the  delivered  capacities  increased  with  the  amount 
of  overcharge  but  at  a  lower  magnitude.  Next,  the  cell  was  charged 
at  200  mA  and  the  amount  of  charge  was  varied  between  0  and  100% 
over  the  nominal  capacity.  Again,  the  cell  was  discharged  to  100% 
depth  and  the  delivered  capacities  were  calculated.  Test  results 
for  currents  of  100  and  200  mA  are  summarized  in  Table  4. 
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TABLE  3 

CELL  PARAMETERS  ON  LIFE  CYCLE 


Cell  No. : 

Ni  Positive; 

Cycle  No .  : 
Cycle  Time: 
Charge : 
Discharge : 


ERC  roll-bonded 

1-677  from  678 
6.75  hours  4.00  hours 
4.50  hours  2.25  hours 
2.25  hours  1.75  hours 


CHARGE 


DISCHARGE 


TABLE  4 

EFFECT  OF  OVERCHARGE  ON  DELIVERED  CAPACITY 


G  * 

•  r 

H  9  <*> 

a 


<T\  = 

o 

o 

CO 

o 

rH 

rH 

ID 

rH 

00 

*H 

rH 

rH 

rH 

Q 

JC 

jf 

2  a. 

ro 

o 

rH 

CM 

ID 

o 

VO 

CM 

rH 

CM 

w 

VO 

VO 

vo 

VO 

vo 

vo 

vo 

ID 

ID 

vo 

vo 

VO 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

rH 

o 

o 

o 

o 

o 

o 

O 

r- 

a\ 

o\ 

O 

2  > 

o 

o 

o 

o 

o 

o 

o 

o 

• 

o 

o 

o 

• 

o 

W 

rH 

rH 

rH 

rH 

»H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

t 

1 

* 

1 

i 

i 

i 

t 

i 

i 

i 

1 

o 

00 

O 

ro 

o 

o 

o 

h* 

o 

VO 

JZ 

ID 

r 

ID 

O 

CO 

ID 

o 

r 

ID 

00 

o 

»H 

< 

ID 

ID 

ID 

ID 

ID 

• 

• 

• 

» 

* 

• 

• 

» 

• 

• 

4.50 

: 

00 

ID 

■*r 

5.00 

5.33 

5.50 

o 

00 

CM 

VO 

o 

o 

VO 

iH 

iH 

4? 

jt* 

CO 

o 

<T\ 

VO 

VO 

CM 

CM 

rH 

rH 

»H 

rH 

CM 

rH 

rH 

ID 

ID 

VO 

rH 

rH 

O 

o> 

o 

ID 

vo 

• 

vo 

VO 

• 

ID 

ID 

• 

O 

ID 

O 

O 

O 

o 

ID 

CO 

C T> 

o 

ID 

VO 

• 

r- 

2.00 

s 

2.25 

2.42 

2.50 

2.58 

o 

CM 

CM 

vo 

o 

r- 

CM 

r* 

rH 

4? 

CD 

o 

o> 

vo 

cv 

CM 

iH 

*H 

rH 

rH 

ID 

CO 

r- 

o 

O 

O 

o 

ID 

ID 

00 

vo 

vo 

VO 

• 

vo 

VO 

• 

vo 

• 

VO 

o 

o 

o 

o 

o 

vo 

00 

ID 

cr» 

o 

ID 

VO 

• 

o\ 

The  second  part  of  the  tests  consisted  of  evaluating  the 
dependency  of  the  delivered  capacity  on  the  rate  of  discharge. 

For  each  charge  cycle,  the  current  and  the  amount  of  overcharge 
were  maintained  constant  at  100  mA  and  20%  over  nominal, 
respectively.  The  discharge  currents  were  varied  between  50  and 
900  mA  (0.1  C  to  2.0  C  rates)  and  delivered  capacities  were 
calculated.  The  ratio  of  delivered  to  nominal  capacity  was  found 
to  be  1.28  at  50  mA  and  0.84  at  900  mA.  The  other  parameters  are 
summarized  in  Table  5. 

The  voltage  profiles  on  discharge  at  the  different  rates  are 
shown  in  Figures  7,  8  and  9.  Figure  10  shows  the  variations  in 
delivered  capacities  with  discharge  currents. 

The  planned  tests  for  characterizing  the  pilot  cell  containing 
ERC  roll-bonded  nickel  elecrode  were  thus  completed  and  the  baseline 
data  were  established.  Life  testing  of  the  cell  on  alternate  charge/ 
discharge  modes  was  started  in  the  following  regime: 

Charge:  2-1/4  hrs.  @  225  mA,  .506  Ah 

Discharge:  1-3/4  hrs.  @  225  mA,  .394  Ah 

Nominal  Capacity:  .450  Ah 

Overcharge  per  Cycle:  12%  over  nominal  capacity 

28%  over  delivered  capacity 

Depth  of  Discharge:  88%  of  nominal  capacity 

Charge/Discharge  Rates:  C/2 

This  cell  was  tested  for  cycle  life  at  a  higher  operating 
current  of  225  mA.  Though  the  cell  functioned  normally,  the 
potentials  during  discharge  were  high  because  of  the  higher  current 
density  and  depth  of  discharge.  The  current  was  accordingly  reduced 
to  150  mA  which  resulted  in  more  acceptable  values  of  operating 
parameters . 
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FIGURE  8:  DISCHARGE  PERFORMANCE  OF  CELL  #26  -  250,  350,  450  mA 


FIGURE  9:  DISCHARGE  PERFORMANCE  OF  CELL  #26.  675,  900  mA 


IGURE  IQ:  EFFECT  OF  DISCHARGE  CURRENT  ON  DELIVERED  CAPACITY  -  CELL  #26 


The  voltage  and  pressure  profiles  for  cycles  493  are  shown 
in  Figure  11.  The  high  polarization  of  nickel  on  discharge  seems 
to  indicate  deterioration  of  the  nickel  electrode.  Currently, 
cycling  is  being  continued  and  the  cell  is  being  monitored  to 
check  for  stabilization  or  failure. 

Summary  of  the  life  cycle  data  and  statistical  analysis  for 
standard  deviation  are  given  in  Table  6 . 

3.5  SINGLE  ELECTRODE  POTENTIALS 

In  keeping  with  the  work  plan,  cell  No.  25  was  built  in  a  test 
fixture.  In  addition  to  the  three  electrodes,  the  assembly  was 
designed  to  accommodate  a  cadmium  wire  to  be  used  as  a  reference 
electrode  to  monitor  the  potential  of  each  working  electrode. 

After  undergoing  a  conditioning  cycle,  the  cell  was  charged 
for  5  hours  at  a  current  of  100  mA  followed  by  discharge  at  the 
same  current  and  a  capacity  of  .292  Ah  was  delivered.  The  potentials 
of  nickel  and  platinum  electrodes  were  monitored  against  each  other 
and  also  against  screen  and  the  cadmium  reference  wire. 

The  values  of  the  cell  voltage  and  the  single  electrode 
potentials  of  the  fresh  cell  are  shown  in  Figure  12.  The  test 
plan  was  to  subject  the  cell  to  continuous  charge/discharge  cycles 
and  monitor  the  potentials  of  individual  electrodes  at  regular 
intervals.  Abnormal  changes  in  voltage  would  indicate  cell  failure 
and  also  identify  which  of  the  electrode (s)  exhibit  a  deterioration 
with  time. 

The  cell  had  undergone  over  650  charge/discharge  cycles  and 
except  for  a  slight  increase  in  the  nickel  electrode  potential  over 
a  period  of  6  months,  performance  characteristics  are  very  similar 
to  that  at  the  beginning  of  life  tests.  The  voltage  and  pressure 
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CYCLE  NO. 


V,  Ni-Pt 
Avq.  End 


V,  Ni-Sc. 
Avq.  End 


0.6 


profiles  for  cycle  No.  624  are  given  in  Figure  13. 

The  performance  characteristics  of  the  cell  on  cycling  are 
summarized  in  Table  7. 

3.6  SINTERED  NICKEL  PILOT  CELL 

Having  completed  characterization  of  ERC  roll-bonded  nickel 
electrodes,  work  was  started  in  evaluating  the  performance  of  a 
nickel-oxygen  cell  containing  sintered  nickel  electrode.  Small 
sections  were  cut  from  the  positive  plate  of  a  commercial  Saft 
aircraft  cell  and  assembled  with  counter  electrodes  in  a  test 
fixture.  After  confirming  performance  in  the  fixture  the 
electrode  assembly  was  transferred  to  the  standard  container  and 
the  cell  sealed  to  form  a  leak-proof  system.  The  cell  design 
was  the  same  as  before,  employing  a  three-electrode  configuration 
Prior  to  starting  life  cycle  tests,  characterization  and 
performance  verification  of  this  cell  was  carried  out.  The 
procedure  was  the  same  as  that  used  to  verify  the  performance 
of  cell  #26  containing  ERC  roll-bonded  nickel.  From  the  test 
data,  summarized  in  Tables  8  anbd  9,  it  can  readily  be  seen  that 
the  cell's  performance  was  excellent  and  it  satisfied  the 
requirements  for  monitoring  and  controlling  the  main  battery. 

The  cell  was  tested  manually  10  times  before  starting 
routine  life  cycle  tests.  The  test  regime  is  given  below. 

Charge  3-1/2  hours  @  100  mA 

Discharge  2-1/2  hours  @  100  mA 

DOD  83% 


Overcharge 


40% 


TABLE  7 


CELL  PARAMETERS  ON  LIFE  CYCLE 

Cell  No.:  25  (with  reference  electrode) 


Ni  Positive: 

Cycle  Time: 
Charge : 
Discharge : 
Current : 

CHARGE 
Average  Voltage 
-Pt  Ni-Cd _ Pt-Cd  AP 


ERC  roll-bonded 

7.0  hours 
4.0  hours 
3.0  hours 
100  mA 


DISCHARGE  END 

Average  Voltage  Charge 

Ni-Sc  Ni-Cd  AP  Ni-Pt 


EFFECT  OF  OVERCHARGE  ON  DELIVERED  CAPACITY  -  CELL  NO.  27 


EFFECT  OF  DISCHARGE  CURRENT  ON  DELIVERED  CAPACITY  -  CELL  NO 


*CYCLE  4,  c/3  rate,  not  fully  discharged  as  indicated 
**Based  on  nominal  capacity 


To  date,  the  cell  has  undergone  over  800  cycles  and  the 
performance  is  satisfactory.  The  voltage  and  pressure  profiles 
for  cycle  No.  838  are  shown  in  Figure  14  and  the  data  on  cycling 
are  summarized  in  Table  10. 

The  statistical  analysis  of  the  data  for  roll-bonded 
electrodes  are  compared  with  that  of  sintered  electrodes  in 
Table  11.  With  respect  to  voltage,  the  roll-bonded  electrodes 
obviously  exhibit  a  better  value  of  departure  from  norm 
compared  with  the  sintered  electrode.  However,  the  reverse 
is  true  in  case  of  change  in  pressure.  Cells  using  sintered 
nickel  electrodes  show  a  lesser  variation  of  change  in 
pressure  than  the  roll-bonded  electrode.  Note,  however,  that 
the  order  of  magnitude  of  the  differences  are  small  and  both 
types  of  cells  show  more  than  adequate  consistency  to  be  used 
to  track  the  main  battery's  state  of  charge. 

3.7  LINEARITY  OF  PRESSURE 

The  cells  that  are  being  cycled  are  monitored  at  regular 
intervals  and  the  presssure  profiles  analyzed.  In  order  to 
investigate  the  stability  of  the  linear  relationship  with  time, 
from  the  data  of  cell  NO.  25  (ERC  nickel) ,  a  plot  of  pressure 
against  time  was  made.  This  is  shown  in  Figure  15  (the  top 
portion  for  cycles  1  through  260)  after  which  the  pressure 
at  the  end  of  discharge  was  reduced. 

The  bottom  portion  of  Figure  8  shows  the  pressure  profile 
for  cycles  261  through  460.  The  results  show  that  the  values 
of  AP  and  slope  are  independent  of  the  absolute  values  of  pressure 
and  that  the  linearity  does  not  change  with  time.  The  minor 
fluctuations  are  attributable  to  variations  in  the  temperature  of 
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TABLE  10 

CELL  PARAMETERS  ON  LIFE 

CYCLE 

Cell  No. 

21 

Ni  Positive 

:  Sintered,  Saft 

Cycle  Time: 

6  Hours 

Charge : 

3-1/2  hours 

Discharge : 

2-1/2  hours 

Current : 

100  mA 

CHARGE 

DISCHARGE 

V,  Ni-Pt 
t.  End 

AP 

A\ 

V,  Ni-Sc. 
/g .  E 

1.025 


1.050 

1.000 


.825 

.900 

.880 

18 

17 

19 

19 

1.480 

19 

2.050 

- 

2.050 

21 

2.050 

- 

2.050 

19 

1.535 

18.9 

.5856 

1.1260 

TABLE  11 


COMPARISON  OF  STATISTICAL  DATA 


TYPE 

ROLL- 

■BONDED 

SINTERED 

CELL  NO. 

2 

26 

25 

21 

CHARGE 

V  avg. 

X 

cr 

.941 

.2696 

.601 

.0108 

.524 

.0228 

.850 

.0886 

AP 

X 

cr 

24.8 

1.4720 

22.3 
.  5774 

16.9 

1 .5366 

18.6 

.7440 

DISCHARGE 

V  avg. 

X 

cr 

-.600 

.0273 

-.824 

.0555 

-.781 

.0300 

-.713 

.1028 

AP 

X 

cr 

23.5 

2.5884 

23.2 

.5774 

17.7 

2.3452 

18.9 

1 .1260 

VARIATION  OF  CELL  PRESSURE 
(Oue  to  Fluctuations  in  Ambient  Temp.) 
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FIGURE  15:  OVERALL  PRESSURE  PROFILE-ERC  Ni 
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the  surroundings.  A  similar  plot  for  cell  No.  21  containing 
sintered  nickel  electrode  is  shown  in  Figure  16. 

3.8  COMMERCIAL  AIRCRAFT  BATTERIES 

One  cell  each  from  Saft  and  Marathon  (nominal  capacity 
12  Ah)  were  discharged  at  6  Amps  (C/2  rate),  immediately 
after  charging.  The  discharge  was  repeated  with  the  cells 
allowed  to  stand  overnight  after  charging.  The  delivered 
capacity  in  the  first  case  was  26.5  and  17.5  Ah  for  Marathon 
and  Saft  respectively.  The  capacity  values  were  reduced  by 
15  and  20%  when  discharged  after  overnight  stand.  The  discharge 
characteristics  of  the  cells  are  shown  in  Figure  17. 

The  cells  were  also  discharged  as  per  MIL-Spec  DOD-C-85050 
(AS),  4. 7. 2. 7,  duty  cycle  test.  No  problems  were  encountered 
with  the  high  currents  and  the  test  results  are  summarized  in 
Table  12. 

After  completing  tests  of  single  cells,  16  cells 
each  manufactured  by  Saft  and  Marathon  were  assembled  to 
constitute  battery  stacks.  The  batteries  were  also  subjected 
to  MIL-Spec-DOD-C-85050  (AS),  4. 7. 2. 7  duty  cycle  test  and  the 
results  are  shown  in  Table  13. 

A  carbon  pile  resistor  was  used  for  these  tests.  Its 
magnitude,  as  measured  by  means  of  a  shunt,  was  different  from 
that  specified  in  the  Mil-Specs  and  the  resistance  value  of 
16-cell  tests  was  not  consistent  with  that  for  single  cells. 
Furthermore,  as  discovered  later,  some  of  the  aircraft  cells 
were  defective  and  had  to  be  removed.  These  are  the  apparent 
reasons  that  the  voltage  values  of  the  batteries  (Table  13) 
are  not  consistent  with  those  of  single  cells  (Table  12) . 
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3.9  BATTERY  TRACKING  SYSTEM 

In  accordance  with  the  work  plan,  preliminary  design  and 
tests  were  initiated  towards  state  of  charge  indicator/controller 
system  study.  An  experimental  electronic  cycler  was  designed  and 
built  to  determine  the  tracking  characteristics  of  the  Ni-02  cell 
when  operated  in  tandem  with  the  main  battery. 

The  cycler  consists  essentially  of  a  constant-current  power 
supply  to  provide  the  power  source,  a  cycling  unit  with  provisions 
to  vary  cycling  times  and  current  and  a  fuel  gauge  which  converts 
the  pressure  of  the  Ni-02  cell  into  percent  state  of  charge. 

Cell  No.  27  was  housed  in  the  fuel  gauge  for  the  first  series 
of  evaluation  tests.  The  cycling  equipment  was  first  calibrated 
with  one  Saft  aircraft  cell,  and  the  calibration  curve  is  shown  in 
Figure  18.  Next,  a  battery  stack  of  16  Saft  aircraft  cells  connected 
in  series  was  cycled  in  conjunction  with  the  same  Ni-02  cell  No.  27 
and  a  typical  profile  of  current,  voltage  and  state  of  charge  is 
shown  in  Figure  19.  After  about  10  cycles,  the  experiment  had  to 
be  discontinued  because: 

•  Three  of  the  Saft  cells  had  shorted  out. 

•  Capacity  obtained  by  discharging  one  cell  did  not  truly 
represent  capacity  of  stack  possibly  because  of  variations 
between  cells. 

•  Preset  parameters  of  cycler  were  out  of  phase  with 
characteristics  of  the  pilot  cell. 

In  view  of  these  factors,  we  decided  to  repeat  the  experiment. 
Another  pilot  cell.  No.  28,  was  built,  again  using  a  section  of 
nickel  electrode  cut  out  from  a  Saft  cell.  This  cell  and  the  Saft 
battery  stack  of  13  cells  were  first  tested  separately  to  identify 
their  characteristics  and  the  following  capacities  were  obtained. 
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SAFT 


PILOT  CELL 


End  V 

Ah 

End  V 

Ah 

13.0 

16.9 

-  .8 

.221 

12.0 

17.4 

-  .9 

.237 

11.0 

17.6 

-1.0 

.258 

The 

performance 

characteristics  of  the 

two  are  shown 

in 

Figure  20 

Based  on 

these  data. 

operating 

parameters  of 

the 

tracking 

cycler  were 

modified . 

The  design 

specifications 

are 

given  in  Table  14. 

The  battery  and  pilot  cell  were  connected  to  the  tracking 
cycler  such  that  operation  of  the  pilot  cell  was  in  tandem  with 
the  battery.  The  cycler  was  also  equipped  with  a  provision  to 
cut  off  the  charge  current  when  the  fuel  gauge  reading  (%  charge) 
exceeded  100%. 

Cycling  of  the  system  was  started  and  the  first  5  cycles 
were  utilized  to  fine-tune  system  parameters  after  which  cycling 
was  continued  in  the  automatic  operating  mode.  About  25  cycles 
have  been  completed  to  date  and  the  system  is  functioning  well. 

A  typical  charge-discharge  cycle  is  shown  in  Figure  21. 


TABLE  14 


TRACKING  CYCLER  SPECIFICATIONS 

SAFT 


From  graph, 
total  time  to 
end  of  discharge 

Charge  time 

Discharge  time 

Discharge  current 

Actual  delivered  capacity 


7.45  hrs 
2.65 
4.80 
3 . 6A 

17.28  Ah 


7.55  hours 
2.75 
4.80 
46  mA 
.221  Ah 


Discharge 

DOD 

75% 

75% 

Capacity  to 

be 

removed 

12.95  Ah 

.166  Ah 

I 

3.6  A 

46  mA 

t 

3.6  hours 

3.6  hours 

Charge 

Overcharge 

11% 

11% 

Capacity  to 

be 

put  in 

14.39  Ah 

.184  Ah 

I 

3.6  A 

46  mA 

t 

4.0  hours 

4 . 0  hours 

i.e.  cycler 
calibrated 

to 

to, 

be 

Charge 

4 . 0  hours 
§  3.6  A 

4.0  hours 
@  46  mA 

Discharge 

3.6  hours 
@  3 . 6A 

3.6  hours 
@  46  mA 

4.0  SUMMARY  AND  CONCLUSIONS 


The  major  objective  of  work  performed  during  this  phase 
was  to  characterize  the  performance  of  metal  gas  cells  con¬ 
taining  different  types  of  positive  electrodes.  Nickel  electrodes 
of  the  roll-bonded  (ERC)  and  sintered  (Saft  and  Marathon) 
types  were  tested  for  charge/discharge  rate  effects,  effects 
of  over-charge/over-discharge,  and  linearity  of  pressure. 

The  test  results  proved  that  the  performance  characteristics 
of  the  nickel-oxygen  cells  are  more  than  adequate  and  will  be 
capable  of  tracking  the  state  of  charge  of  the  main  battery. 

Special  tests  were  also  conducted  to  monitor  the  potentials 
of  each  working  electrode  separately  both  during  charge  and 
discharge.  This  enabled  a  better  understanding  of  the  perfor¬ 
mance  of  each  individual  electrode  and  identify  which  electrode 
deteriorated  first  and  causes  cell  failure.  This  information 
is  valuable  in  predicting  estimates  of  life  and  improving  per¬ 
formance  of  the  nickel-oxygen  cell. 

Having  established  this,  selected  representative  cells  were 
subjected  to  continuous  cycling  tests  on  alternate  charge-discharge 
regimes  to  obtain  data  on  cell  life.  The  results  indicate  that 
the  cells  can  sustain  continuous  cycling  for  extended  time 
periods  and  retain  their  stability  to  give  the  required,  reliable 
and  reproducible  parameters. 

Commercial  aircraft  cells  (Saft  and  Marathon)  were  purchased 
and  their  characteristics  were  also  evaluated. 

The  aircraft  cells  and  nickel-oxygen  cells  fabricated  with 
electrodes  used  in  aircraft  cells  were  thus  qualified  and  found 
to  be  acceptable.  The  next  subtask  of  aircraft  battery  system 


study  was  started  as  planned.  An  electronic  cycling  system  was 
designed  and  built  and  tests  were  started.  Initial  experiments 
were  designed  to  understand  the  electrical  interfaces  that  would 
be  required,  tracking  capabilities  of  the  pilot  cell  and  critical 
areas  that  need  more  detailed  investigation. 

Since  the  developmental  efforts  and  investigations  of  this 
phase  took  longer  than  orginally  planned,  work  on  temperature 
effects  were  not  done  as  scheduled.  It  is  now  proposed  to 
carry  this  over  to  the  next  phase.  In  the  interest  of  time, 
this  study  will  be  performed  simultaneously  on  the  nickel - 
oxygen  cell,  aircraft  battery  and  integrated  system. 

In  the  next  12  months  efforts  will  be  devoted  to  the  study  of 
system  life  and  stability  under  Phase  II. 

The  results  of  Phase  I  will  be  analyzed  and  new  prototype 
cells  utilizing  advanced  components  and  construction  techniques 
will  be  manufactured.  Brassboard  electronic  circuits  will  also 
be  constructed.  The  integrated  systems  will  be  placed  on  one  or 
more  charge/discharge  cycle  regimes  for  at  least  9  months  in 
order  to  determine  system  life  and  stability  characteristics. 

The  system  tests  will  be  conducted  essentially  at  the  brassboard 
level . 
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